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FOREWORD

This report was prepared by the Propu.sion Laboratory, Directorate of Aeromechanics,
Deputy for Technology, Aeronautical Systems Division, with Henry R, Velkoff acting as
project scientist. The work reported herein was accomplished under Project Number
3141, ‘'Electric Propulsion Technology.'’

The author wishes to express his appreciation to Professor S. M. Marco of The Ohio
State University and Mr. Eric Soehngen of the Aeronautical Research Laboratory for
their guidance and encouragement in the conduct of this research, The work of Mr. James
Clark of the Flight Dynamics Laboratory served as a strong impetus to this study. His
work became available for review at about the time that the full significance of the electro-
fluid interactions was grasped. His test results forcefully demonstrated that the inter-
actions could not only be observed, they could be controlled.

This report covers the introductory portion of the phased study of electrokinetics in
fluid motion. Subsequent work will concern itself with experimental studies and analytical
correlations. This report covers the work accomplished from April through July 1961.
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ABSTRACT

The possible interactions between electric fields and fluids are reviewed. Many actions
are found to exist, and the basis for many of the actions is discussed. The study indicates
that a wide range of electrofluidmechanic phenomena have actually been observed. A sig-
nificant body force can be exerted on either an ionized fluid or a neutral nonionized fluid,
Since the application of electric fields to fluids may strongly affect heat transfer or the
fluid boundary layer, the field of electrofluidmechanics may take its place with magneto-
hydrodynamics as an important physical phenomena,

PUBLICATION REVIEW

This technical report has been reviewed and is approved.

Chief, Electric and Advanced
Propulsion Branch
Propulsion Laboratory

FOR THE COMMANDER:
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INTRODUCTION

The influence exerted by an electric field on gases and liquids has been known for many
years. Primary attention was given to electrolytic phenomena and to gas discharges.
Relatively little work, however, was done on the effects of electric fields acting alone on
the flow of fluids. Such field effects tend to be rather subtle in contrast to the relatively
large fluid body force generated by the interaction of an electric field and a transverse
magnetic field. This latter fluid-electromagnetic interaction gives rise to the whole field
of magnetohydrodynamics (MHD). The interest in MHD has received wide attention in
recent years because of potential applications in power generation, controlled fusion,
and space propulsion. The subtle electric field effects, however, merit consideration apart
from the mass of the work done on magnetohydrodynamics. The fluid-electric interactions
are generally distinct from those in the MHD field.

Anelectric field can influence not only fluids containing charged particles and conducting
fluids, but neutral nonconducting fluids as well. This wide range of action may provide
controllable body forces within the fluid without the high degree of ionization customarily
used in magnetohydrodynamics. Changes in fluid properties, such as viscosity or conduc-
tivity, can also occur in the presence of a field, and thus the entire behavior of fluid flow
and heat transfer may be affected.

It is the purpose of this research to explore the possible interactions between electric
fields and fluids, select one of the many possible interactions, and study this one both
analytically and experimentally. Because of the scope of the interactions, an over-all
survey will be undertaken including descriptions, explarations when available, and
analytical expressions where possible. The range of possible effects on fundamental
fluid behavior and heat transfer will then be outlined and discussed.

Manuscript was released by the author for publication as an ASD Technical Report on
15 November 1961.
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INTERACTIONS OF ELECTROMAGNETIC FIELDS

FUNDAMENTAL INTERACTIONS

The fundamental forces available are electrical in nature. To properly orient later
discussion, both electric and magnetic effects will be reviewed briefly.

Electrostatic Influence

A fundamental concept in electricity is that of Coulomb’s law of repulsion between two
charged particles of like sign.

_ q q
Fe—to g M)
4 T e
where:
F = force,
Qis Qo = charge,
€ = permittivity (dielectric constant),
r = distance between charges, and

a = unit vector,

This relationship leads to the concept of the electric field, or force per unit charge,

F = qE, where E is the electric field strength. The simplest action of an electric field
is that of the force induced on a charged particle placed in that field. Particles that can
be influenced in this manner are electrons, positive and negative ions, and a whole host
of macroscopic particles. Typical macroscopic particles are charged dust particles,
droplets of liquid, impurities in solutions, colloids, or any other aggregations that can
sustain an electrical charge. Although the magnitude of the action for the various par-
ticles may be different, the basic motion is that of the drift of the charged particle as

a result of the force induced by the electric field, as shown in Figure 1.

SEe—e
—0
@—.—
+ —_
—0 -0
I —
| i

Figure 1. Drift of ions in a uniform field
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In contrast to this simple Coulomb attraction is the subtle influence of the electric
field on neutral molecules, The action of polarization in a dielectric illustrates this
phenomenon. When an ideal nonconducting dielectric is placed between the plates of a
charged condenser, the theory of dielectric action indicates that a change occurs in the
electrical orientation of the molecules. A slight displacement of thc _ositive and negative
charge within che molecules is induced by the field existing between the plates of the
condenser. This slight shift of charges is the basis of the induced polarization of the
dielectric (Ref. 1). This action is not limited to condensers, but cxi-ts wherever there
are bodies in an electric field, both macroscopic bodies and atomic particies. A polarized
particle, because of the shift of charge, has an electrical moment equal to the product of
the charge times the distance between charges. In addition to these induced dipoles, many
molecules have permanent dipoles that are independent of an external field. Typical
molecules having permanent dipoles are water and oxygen.

The significant feature of the electrical dipole, either induced or permanent, is that it
affords a means of applying a controlled force directly to the individual neutral molecule.
Two effects are possible. The polarized molecule can be oriented in the direction of the
local field. In a nonuniform field, a direct force on the molecule exists to move the
molecule in the field. The molecules will be oriented in both uniform and nonuniform
fields, but a force will act on the polarized molecules only in a nonuniform field. It should
be remembered that with macroscopic bodies of high conductivity, no large internal
fields can exist and no internal charge separations can take place. External charge-
induction effects can rake place, however.

The last electrostatic influence to be considered is that of the mechanical stress induced
inadielectric duetothe applied field, Under the influence of the field, a tension known as
electrostrictionis produced within the material. This tension is analogous to the phenom-
enonof magnetrostrictionand is related tothe piezoelectric effect in crystals, The internal
stress is the internal reactiontothe forces exerted on the dielectric by the charged plates
(i.e., the field between the plates).

Magnetic Influences

LLet us next consider the effects of magnetism. Magnetic influences include paramagne-
tism, diamagnetism, and ferromagnetism. A bar of material which aligne itself parallel
to an externally applied magnetic field is an example of paramagnetism. Paramagnetism
occurs when the electron orbits, which act as small magnetic dipoles, become oriented
with the applied field. Ferromagnetism is similar to paramagnetism but the effect is
much, much larger. Ferromagnetism is best illustrated by the familiar iron magnet. A
diamagnetic hody tends to align itself perpendicular to the applied field because of the
gyroscopic precession of the electron orbits within the molecules of the substance.

Both paramagnetic and diamagnetic influences are weak when compared to ferromagne-
tism, and diamagnetic effects are only approximately one-tenth to one-hundredth chose of
paramagnetism. Diamagnetism can be observed only in substances which have no para-
magnetism, since even a small paramagnetic influence will mask out the diamagnetic
effect. Certain inert gases such as N, exhibit diamagnetism, whereas O, exhibits para-
magnetism (Ref. 1). Under the influence of a divergent magnetic field, paramagnetic
substances are attracted toward the converging field lines while a diamagnetic substance
would be repelled. Thus, small body forces are available within the fluids, even in non-
ferromagnetic materials.
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Another influence which can act upon a fluid is that of magnetic stress. A substance
placed into an applied field will experience an internal stress which is proportional to
the square of the field strengrh.

The last magnetic influence to be discussed is that of the J x B Lorentz interaction
which occurs when an electrical current flows in a magnetic ficld. This force is large
and is the driving action behind electric motors, Since the current can be a stream of
charged particles in a fluid, a large body force can be produced in a fluid if suitable elec-
trical and magnetic fields are superimposed. As mentioned previously, this interaction
forms the basis for magnetohydrodynamics (Refs. 2, 3, and 4),

In summary, several basic field and material interactions are possbile. There are the
very strong Coulomb electrostatic repulsion, magnetic repulsion (ferromagnetic or
induced fields), and the J x B Lorentz force. More subtle influences are those due to elec-
trical dipole action and the diamagnetic and paramagnetic action. Although these effects
are relatively small, they canprovide a useful body force within the fluid. This discussion,
however, will deal almost exclusively with the effects of applied electric fields acting
alone,

OBSERVED INTERACTIONS OF ELECTRIC FIELDS

The previous discussion indicated that an applied electrical field could act on substances
placed within its sphere of action. If this is so, then one should expect to find numerous
examples where some influence has been observed (Refs. 5 and 6), The first observation
of electric-fluid interaction was the motion of a candle flame between the charged plates
of a condenser. When a high potential was applied, the flame displaced laterally and
assumed a somewhat fan-shaped appearance, as shown in Figure 2. The high temperaiures
ina flame provide a copious supply of ions, These ions tend todrift laterally inthe applied
field and distort the shape of the flame.

CANDLE

Fipure 2. Distortion of a flame by an clectric ficld
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Electrolytic action in liquids was first observed long ago, and played a key role in the
early development of chemistry. Electrolytic action in a solution is due to the drift of the
ions to the anode and cathode. More recently, gaseous conductors have played an impor-
tant role in the development of electronics. Various gas tubes, discharge tubes, arcs, and
similar uses of conducting gases have been studied extensively. All of these involve moving
charges -- ions, electrons, or mixtures -- under the action of the field.

Let us consider next a large group of lesser known effects. Dust particles that carry a
charge may be removed by an applied field. If a natural charge does not exist on the par-
ticles, suitable charges can be induced. This action forms the basis for the various elec-
trostatic precipitators used in home and industry. The air close to a waterfall is charged
(Ref. 7); the fine mist carried aloft is generally negatively charged and the spray nearer
the waterfall has a positive charge. The charges are thought to be induced by the shatter-
ing of the water upon impact and the bubbling at the water surface. Similar electrification
phenomena include charged sprays over ocean waves, spray out of nozzles, and steam
exhausted through a nozzle (Refs. 8 and 9), Further discussicn on the mechanism of charg-
ing in these cases will be taken up later.

Electric wind, because of its recent application to lifting devices, has received a great
deal of attention, Electric wind is a current of air flowing from a highly charged point
electrode in air (Refs. 5 and 6), It can be demonstrated by applying a high voltage between
a needle point and a plane surface, as shown in Figure 3. The air stream so generated
will blow out a candle flame. A corollary effect is that of electric wind (ion drag) pressure
generation (Ref, 10), In this case, several highly charged points are placed in serics, and
the resultant electric wind builds up a pressure. Large numbers of ions are created at the
point due to the intense local fields, and these ions drift in the electric field. Momentum is
transferred betweenthe ions and the neutral molecules, resulting in a streaming of the gas
as a whole. The effect is considerably greater in liquids than in gases.

~A]
/ -\ VOLTMETER

Figure 3. Klectric wind induced by a charged point
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The next group of effects are considered together. These effects all involve the move-
ment of charged particles in a field, but not necessarily ions. Only a listing of the effects
will be given at this point; details will be discussed later. The phenomena are: streaming
potential or flow electrification, electrophoresis, dielectrophoresis, electro-endosmosis,
and Dorn effect (Refs, 11, 12, and 13). Streaming potential is observed as the build-up of
extremely high voltages when fuels are pumped through lines. Many cases indicate a high
static charge was generated in the fueling of aircraft that has caused large sparks and
fires. This phenomena has been the subject of considerable study to determine the causes
and means of control, Electrophoresis is presently utilized extensively in biochemisrry as
a means for separating and identifying various substances, such as proteins, for example.
I:lectrophoresis has alsobeenused for plating or coating, since this technique provides a
reiatively high rate of build-up. Fluids have been pumped by using the electrophoretic effect.
Dielectrophoresis is the drift of uncharged particles in a nonuniform electric field. It
has beenused to separate various materials suspended in solution and to pump or to change
the orientation of dielectric fluids. This effect has a very significant influence on free-
convection heat transfer in liquids, Xlectro-endosmosis has been observed in liquids as
the ability of a field o elevate a portion of a fluid in a container. If a container is divided
into two segments connected by a porous plug, applying a voltage across the fluids will
change the elevation of the fluids in the two segments. The Dorn effect is similar to the
forevoing. The Dorn effect is the difference in potential that is built up in a liquid as
suspensoid slowly settles downward in a container under the influence of gravity.

Another phenomenon is the Kerr cell, The Kerr cell acts as an elecrrical light shuiter.
An electric field applied to cerrain liquids will change the abilitv of the liquid to transmit
light. By applving a rapidly oscillating potential to the liquid, a beam of light can be cur
up into segments. This phenomenon is dependent upon the inter-relationship between the
refractive index and the dielectric constant of a given material. This relationship was
first deduced by Maxwell from his ficld equations (Refs. 1 and 14),

Flectrostrictionproduces a change inthe volume of a substance. Because of this, thermo-
dynamic properties can possibly change, All thermodvnamic quantities-that depend upon
volume can be influenced, and the influences would be a function of the square of the local
ficld streneih,

Flectric propulsion uses electric field effects extensively, The thermal arc thrustor
Uses an extremesy high current are to heat the hydrogen propellant to very high tempera -
tures and a nozzle to expand the gases and produce useful thrust. The ion engine acceler -
ates the wons of the propellant (cesium, for example) to very high velocities, The cesium
jons are ejected by the ficld to produce useful thrust at specific impulse values of 5000 10

20,000 seconds,

Power mav be generated by the inverse electric wind effect (Refs, 15, 16, and 17). Anal-
vsesamd prelimimary tests have shown that the deceleration of charged particles cions or
droplets, for example) canbe u=ed for producinguseful power. This action formed the basis
of the Armstrong electrostatic generator, which was used late in the 19th Century,

I'he fast effects to be mentioned in this section are not directly related to fluids. They
may beof general interest, however, and do illustrate the influence of fields on materials.
Field emission is used either to extract electrons from the surface of a metal or, with
sufficient strength, toextract the jons fromthe crystal lattice. Thisactionforms the basis
for the electron-field and the icn-field microscopes. Field emission has also becen used to
provide a source of electrons for various electronic devices. zxploding wires demonstrate
a combination of electrical effects when enormous currents are discharged through small

6
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wiresduringa very short time interval, Static charging phenomena are probably the oldest
form of electrification known. However, the basic mechanisms of charge separation in
solid-solid contact is complex and apparently not clearly understood. Actions of contact
potential, Volta potential, adsorbed layers of water, and physical transfer of electrons
and ions under high local fields are all involved in various forms of static electrification.
Tribo electrification or frictional electrification is of this type and occurs as solid-solid
contact phenomena in dry surfaces (Ref. 7). While solid-solid electrification is not of pri-
mary concern here, the mechanism of charge generation by air flowing over a surface and
combustion gas flowing out of a nozzle, for example, will directly influence the state of
charge in flowing fluids.

Thus, many effects of electric fields on fluids have been observed. Some have been
studied extensively, and others little or not at all. The wide range of effects, however,
encourages study of electric-fluid interaction,

OBSERVED EFFECTS OF ELECTROMAGNETIC FIELDS

The actions of electromagnetic fields on fluids has led to the development of electro-
magnetic pumps and manv magnetohvdrodynamic applications, Many, manv effects have
been showntotake place, includingapparent changes of fluid properties, velocity profiles,
boundary lavers, and heat transfer. These effects are thoroughly covered in the literature
on magnetohvdrodvnamics. Inthis studv of electric field effects, therefore, magnetic field
effects will not be discussed further,
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ACTION OF ELECTRIC FIELDS ON PARTICLES

ACTION ON CHARGED PARTICLES

To provide a firm basis for a more detailed discussion of the observed electric field
effects, a review of the action of fields on particles will he covered next. Fundamental to
this discussion are the basic equations of electricity and magnetism. Maxwell’s relations
for electromagnetism summarize the basic phenomena of electricity (Ref. 3). These

relations are:

6)(}_1:_4‘15_ \
ot

GxE.. 98

ct
VE -p
Vg =0 (2)
J = o(E+VXB)+qV
F = qg + JxB
D =€E = €, E+P

where:

J = current density,

p = charge density,

D = electric flux density,
E = clectric field strength,
¢ = diclectric constant,
P = polarizabhility,

= dielectric constant (vacuum),

€o

q = charge,

v = velocity of charge,

B = magnetic flux density,




ASD TR 61-642

H = magnetic field,
1 = magnetic permeability, and
o = electric conductivity.

For the cases involving no externally applied magnetic field, the number of 1pplicable
equations is reduced and simplified. To illustrate the use of the equations, consider the
motion of a single ion in a uniform field formed by two flat plates. The applicable

equations are:

el e
D = €E
E =-Vv
where:
v = potential,
If IY is a constant, then
V= 4
0x
E, = constant = - g:/

vV =-E, x +C,

Therefore,
V=—E, x. 3)

Conscquently, veltage is alinear function of distance.

Under the influence of the field, F = qE ,

mx =q Ex
o q
X = . EX t + Cl ,
where:
m = the mass of the particle,

Ifatt =0, x =0, then C, =0, and:
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Ifat t=0, x= 0, then czzo,and:
q 2 (4)

This result, which is similar to the motion of a body falling in a uniform gravitational
field, represents the motion of a charged particle ina uniform field. It could also represent
the motion of an jon between collisions when moving in a neutral gas.

Motion of a charge in the field of another point charge will occur along a radial line.
Because of spherical symmetry, Poisson’s equation will reduce in complexity. Poisson's
equation can be written as:

<l

o

"
©

or

P
E

viy :-

If the moving charge is small and is assumed to have negligible influence on the applied
field, then

viv:o
In spherical coordinates:
| 3 (2 9V | J v i 3%
Viv: — + - = g + .
2 Or (r dr ) r?sin 6 26 (sm 09) r2sm2 8 (34)2

Symmetry reduces this equation to:

r? dr Jr !
and then:
oV
i’ = C, ’
dr
av = L5 dr
re
- C'
Vi == +¢,.
Ifv=0atr - ,thenC, = 0.
Therefore:
C
vV = o — (S)

10
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and
E = - —q_\{_ = CI
dr re
Using this, the equation of motion is:
d?r q |
Al 5N C| -5
d1? m r

Let v = dr/dt and dr = vdt. Then:

d = i
v v = rz
vz aC, j‘" dr e
> T = 2
2 mn a e
va=vo atr=ro,then:
2q C { [
2 _ 2y - St g 4o U 6
i Vol * m ( o r ) ' ©)

This is the equation for the velocity of motion of a charged particle ina spherically shaped
electrical field.

The motion of a moving charged particle in a magnetic field will be of interest later,
so we will derive the equation for this motion at this point. The force on a moving charge
or on a current in a magnetic field is analogous to the forces and torques on the windings

of an electric motor. It can be represented by:

F= JxB
where:

J = qv
Therefore:

F = q; x B

If the charged particle enters a magnetic field moving with a velocity, v, in a plane
normal to the magnetic flux, then the equation reduces to a scalar equation:

F =qvB. <7)

The direction of this force is normal to both the magnetic field and the velocity of motion.
Such a force causes the direction of motion to change but not the magnitude of the velocity.
Consequently, the force is constant in magnitude and the direction is always perpendicular

to rhe velocity. Such a force causes the particle to move in a circle. The acceleration of
the particle and the radius of the circle can be readily determined by:

F =mag =gqvB

qvB .
a = - = occeleration,
m

11
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In a circular path:

Equating these two expressions:

r:mv . (8)

A charged particle moving without an external electric field will begin to rotate about
the magnetic lines of force when entering a magnetic field. If, in addition, the particle
has a velocity in the direction of the field, it will spiral along the flux line at a constant
radius. This elementary introduction to the action of the moving charge in a magnetic
field, we believe, will be sufficient for the subsequent discussion.

As a charged particle moves in a dense fluid under the influence of an electric field,
its motion is retarded by an effective drag exerted by the fluid. This effect on the motion
of an ion moving through a gas is included in the concept of ion mobility (Refs. 18 and
19). As the ion moves in a field, it accelerates quickly to a characteristic velocity along
the field, called the ion drift velocity. In dense gases, this velocity is approximately
proportional to the applied field strength, providing the field strengths are not so high
as to cause breakdown (a spark for exampie).

The drift velocity, then, is given by:
v = KE (9)

where: K = the ion mobility.

This motion, as can be noted from the following equations, differs from the motion of a
single ion in free space where the field is uniform:

{qE)
m

Single ion: v - ]
lon ina gas; v = KE,

Based upon the elementary kinetic theory of gases:

K = el (]O)

where:

e - charge on the ion,

L = mean free path of gas,
¢ = mean speed of molecules, and
m = mass of the ion.

12
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This expression is based upon the assumption that the ion accelerates between impacts
with neutral molecules after having been stopped at each collision. Derivations by
Compton, Langmuir, and others have led to more refined expressions for mobility. The
simple equation (Eq. 10), however, illustrates the general dependence of mobility on the
basic characteristics of the gas and ion, namzly, that mobility depends upon the mean
free path, mass, and mean free speed of the molecules, as well as the magnitude of the
charge on the ion. It has been observed during tests that the mobilities of negative and
positive ions of the same molecules are different. Negative ions usually move more
rapidly through a given field than positive ions. Because of this phenomenon, the
distribution of ions in a uniform field will generally not be symmetric.

To illustrate the possible distribution of charged particles under the influence of a
uniform field, two examples will be given. First, the distribution will be established
assuming none of the charges are neutralized at the wall, i.e., no current flows,

If no mass motion of the fluid occurs and a stationary state is reached, then the
pressure rise due to jon distribution in the field will be given by:

dp
dx b
where: F, = the force acting on the ion gas due to the electric field.
F, = pPE,
po= Niq
Fx = nj ajky
where:
g, = field in x direction,
n; = number of ions/unit volume, and
q, = charge per ion.

From kinetic theory:

Y e YRT
P73 g gm
where:
T = assumed constant, and
DA . JeEity =
o = lon gas density = n;m
Substitute this into the equation for pressure rise:
dn,-
RT dx = = q' E‘ ni

13
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Therefore:
qi El X
n. = Ae RT (11)

Thus, the ion density distribution in this simple illustration is of the same exponential
form as the variation in density of the air in an isothermal atmosphere.

Next, let us consider gaseous conduction between two parallel plates with an applied
potential, As the voltage is raised, the charges migrate to the plates. Negative ions move
toward the positive plate, and positive ions move more slowly toward the negative plate.
As the voltage is increased, a large number of charged particles move close to the plate
and effectively cancel the applied field in the vicinity of the electrode, This condition
exists in front of both plates and results in a distribution of potential between the plates;
a sharp drop in potential occurs near each electrode and a very small drop in the center
as shown in Figure 4.

The congregation of charge near the plates is known as space charge. Space charge
can also occur in the vicinity of a heated cathode emitter. Ag large numbers of electrons
are emitted, the electrons in the vicinity of the cathode shield the cathode and create a
space charge directly in front of the cathode., The amount of current that can flow is then
limited.

SPACE CHARGE ZONE OF SPACE CHARGE ZONE OF
NEGATIVE I0ONS POSITIVE IONS

906 o e@
0 © &%
e® " ® 9

®

Figure 4. Illustration of space charge

14
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In a high density gas, the potential distribution for electrons (Ref. 19) is:

3

.2 8wy 7 12
Vo (— ) (12)
and the current density is:
2
q KV
J & — —— . 13
4 8 x? (13)

In a high vacuum, the current distribution for elertrons is given by Child's law:

e A v
T (14)

qmx?

It can be seen that the current distributions, and thus the charge distributions, can vary
widely, even in the simple case of a uniform field between flat plate electrodes.

Knowledge of the distribution of ions is imnportant because the forces exerted within a
fluid can depend directly on the number of ions that exist in the fluid. In the previous
discussion of ion motion in fields, the only factors taken into account were the electric
field and the ion density. Effects of charge generation, recombination, and diffusion have
not been considered, These influences can be large in specific cases, but the solution of
the complete equations is complex. The complete equations for the simple one-dimensional
case with both positive and negative ions (Ref. 19):

dzn, d
q-a; nn, +0 A K, e (En ) =0
dzn2
q-a nn, +0, 2 K, —*:-( En, ) =0 (15)
jf =~ {n —n, ) e
where:
a; = coefficient of recombination,
n, = number of positive ions,
n, = number of negative ions,
q = rate of charge generation,
0; = coefficient of diffusion,
K, = mobility of positive ions, and
K, = mobility of negative ions.

15
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Directed motion of a charge normally takes place under the action of a steady-state
clectric field. If a time-varying, AC, field is applied, we might expect the charge to
merely oscillate back and forth in the field. A charge in a uniform time-varying field
wil) oscillate so. A charged particle in a nonuniform time-varying field, however, will
act differently, depending on the phase between the velocity and the field. For illustra-
tion, consider a charge moving under the influence of a divergent field. If the charge
moving under the influence of a divergent ficld. 1fthe charge moves outward when repelled,
it covers a definite distance from the center of the field. At this point in space, the
magnitude of the field is decreased, but the particle has acquired a definite velocity. As
the sign of the field is reversed, the particle is accelerated back toward the center of the
field, but the accelerating force is smalier than the previous repulsion force. With a
purely sinusoidal variation of field, the particle cannot regain its original position. As a
consequence, the particle may acquire a mean motion away from the center of the ficld,
as shown in Figure 5. The ion, therefore, acquires a net drift as the result of the non-
steady applied AC field (Ref. 20).

TYPICAL AMPLITUDE OF AN
- AC FIELD IN WHICH STRENGTH
VARIES WITH DISTANCE

FIELD STRENGTH-VOLTS PER METER

DISTANCE FROM CENTER OF FIELD —

SCHEMATIC REPRESENTATION OF
MOTION OF CHARGED PARTICLE

W’*‘Z————P"“

DISTANCE FROM CENTER OF FIELD —
Figure 5. Motion of a charged particle in an AC ficld
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The equation of motion of a particle in a spherical field of the Coulomb type would be:

- q,q
mr = ——'—=2— sin wt (16)
41me r2
where:
m = mass of particle,
a, = charge of particle,
o, - charge at center of field,
¢ = dielectric constant, and
w = frequency of field variation.
Letting
qQ q
a = 1 2
4mem
the equation can be written as:
rs =7 sin w! (17)

Since this equation is nonlinear, an clementary solution does not appear possible. It is
somewhat similar toHill’s equation and Mathieu’s equation which arise in the analysis of
the forced oscillation of an inverted pendulum. This equation would have to be solved by
perturbation or iterative methods. Attempts to study the stability by Poincare’s method

sin wl

were not successful due to the form of the ——— term.
r

If a linear-force field gradient is assumed possible, then the equation of motion
becomes:
r = ar sin wt (18)

This is also a Mathieu equation, and no elementary solution is possible.

Care must be used in interpreting any motion effect. The scope of this research study
does not permit studying the behavior of such equations extensively. In any specific case,
a step-by-step iterative solution can be utilized.

In summary, this section has outlined the factors that affect the motion of a charged
particle in an externaily applied field. The illustrations indicate how a particle drifts
in the field and possible distributions of charge.

DIELECTRIC ACTION ON NEUTRAL PARTICLES

The next topic to be considered in electrofluid interactions is dielectric effects. The
most common use of dielectric effects is in capacitors. Whenan ideal dielectric is placed
beiween charged plates, the electrons are tightly bound and cannot move freely through
the material tothe plates. Since the charges cannot move freely to neutralize the applied
field, an internal field will exist within the dielectric (Ref. 1).

17
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Considering Coulomb's law:

Fe Ll 3
4Tf€f2

it can be seen that as the value of the permittivity (dielectric constaut) is increased, the
force between the charges is reduced. Likewise, the electric field between the charges is
reduced. The actionofrhe dielectric stems from the formation and orientation of molecular
electric dipoles within the dielectric. When an atom is placed in an electric field, the
positively charged nucleus and the electron cloud separate slightly, as shown in Figure
6. This displacement of charge creates an electrical dipole moment: the positive nucleus
tends to move toward the negatively charged plates and the electron cloud shifts toward
the positively charged plates. This field-induced dipole will form with all atoms and
molecules in varying degrees, and in uniform and nonuniform electric fields.

ELECTRON CLOUD DISPLACEMENT OF CHARGE

NUCLEUDS

ATOM WITHOUT
APPLIED FIELD ATOM WITH APPLIED FIELD

Figure 6. Formation of induced dipole-displacement of charge

Many molecules have dipoles as an inherent part of their structure due to the arrange-
ment of the atoms in the molecule. A typical molecule with a dipole is water. The total
dipole moment of any molecule isthe sum of its permanent and field-induced dipoles. The
formulation for the electrical dipole is illustrated by the expression of Debye (Refs. 1 and
21):

£ (19)

18
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where:
m = polarizability ot a single molecule,
n = permanent dipole of the molecule,
X = Boltzmann's constant,
T = absolute temperature, and
m, = constant not influenced by remperature.
Since the dipole moment is given by:
pP=7E
where:
p = molecular dipole moment and
E = field strength,
then:
2
s € (n+ ) (0

An electric field applied to a dipole will cause the dipole to orient itself in the
direction of the field. If the molecules of the dielectric have a large permanent dipole,
the orientation effects can be strong. In studies of electro-fluid mechanics, any inter -
actions with neutral molecules can be expected to be most pronounced in those fluids
containing molecules of large dipole moments. Such, indeed, is the case, as will be
illustrated later in discussions of electroviscosity and heat transfer. The mechanisms
of interaction between the dipcles, ions, and the applied field, however, are of funda-
mental importance and, consequently, dipoles will be considered here in more detail
(Ref. 3).

Let us examine the nature of the electrical dipole, as shown in the following sketch:

19
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The dipole moment, given by p =q/, is the product of the charge strength and the
distance separating the two equal but opposite charges. If the distance between the
charges were zero, the net charge would be zero and the resultant field would be zero.
As the charges are separated, however, the dipole is formed. The system of the two
charges is electricaliy neutral, but there is a net resultant field from the dipole.

The potential at A due to +q is:

+q

4mTer,

and due to -q is:
S
(4mer,)

<
~N
"

Since r#r, , the net potential at A for relatively large distances is

qlcos 8 p cos 8
v - - S @1)
Amer 4mTer

Using the relation E = Vv to find the field strength, we find:

_ oV _ ! LAY
€=-aq — 99
dor r 08
a4 cos 6 _ qZsin8
0 oo+t g ———~ (22)
2mer 4me r3
where:
a, = aunit vector in r direction, and
69 = a unit vector in 8 direction.

The most important points to be noted from these equations are that a resultant field
exists and that it varies inverselv as the cube of the distance from the dipole.

Polarization of a dielectric is defined as the dipole moment per unit volume:
af - :
P = —— = polarization per unit volume.

A

The flux density in a dielectric is related ro the polarization by the equation:

But

20
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Therefore:

o
"
m
m
1
m
(=]

(23)

Consider the action of an applicd nonuniform field on a dipole located within the field.

Assume that the dipole has oriented itself along the direction of the field, as shown in
Figure 7.

E FIELD
\ £ : DISTANCE BETWEEN
Wy = UNLIKE CHARGES
@ @ +q = POSITIVE CHARGE
a

q -q = NEGATIVE CHARGE
/f 9L : DIPOLE MOMENT

DISTANCE - X

Figure 7. Action of nonuniform field on a dipole

The summation of forces in the x direction per unit volume gives:

€ )
EFX:—qE+(qE+q-;— Sx)— (QSX) Ix

Since the distance traveled along the x direction between charges is £, then 8« : £, and:

EFX = q,é . 4E
dx
The force per unit volume is:
3 oE
Fy =al - =P
X dx 0 x
Substituting for P, we obtain:
) 0E  (e-€4) de? 24
Fx = (€ -€p)E P > 3 (24)
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This equation indicates that a body force exists within a dielectric whenever there is
a gradient inthe field strength. If grad E is zero, then no body force exists. The magnitude
of the body force depends upon the difference in permittivity between the dielectric and
vacuum and the gradient of the square of the field strength. Since the force is a function
of the square of the field strength, its direction remains the same regardless of the sign
of the field. An alternating nonuniform ficld (time varying) would thus result in a force
which is always directed toward the region of highest intensity, as shown in Figure 8. As
an example, consider the field around the end of a needle point. The field lines converge
to this point, and the field strength increases a6 the point is approached. In such a case,
the dielectric body force would be directed toward the point of the needle, both for DC
and AC fields.

From a macroscopic view of the interactions, this dielectric body force may be the
most important interaction phenomenon in tluids. There are, however, other actions.

The electric stress generated by the attraction of the charges acts as a stress on the
surface of a dielectric and as an internal pressure within the dielectric. The electric
surface stress results from the lines of force emanating from charges distributed over
a surface. The pull on a surface having a charge density, o, is given by:

log | o -
F =f Edo = —-f ocao =
sur o €0 ‘0 2¢,

2

At the surface of the conductor with a surface charge density, o:

Ohormot = 9+ €E o
Therefore;
2
N < I 2
Fsur * 2e, 2 €E . (25)

The pressure within the dielectric is given by:
p = —%— E° (26)

This result is obtained by equating the dielectric body force to the resisting internal
pressure on a unit volume of the dielectric (Ref. 22),

The final interaction to be considered in this section is that of the dipole interaction
with charged particles (Ref. 23), In a fluid that contains both charged particles and
molecules with dipoles, the charged particles may attract and influence the neutral
dipole molecules. The charged particles (ions, for example) act as the point of a needle
and thus provide an intense nonuniform electric field close to the particle. As a polar
molecule enters this region, it is attracted in a manner analogous to that of the dielectric
body in a nonuniform field. In the event the approaching molecule does not have a
permanent dJipole (nonpolar), then a dipole moment is induced by the field of the charge.
Induced dipole attractions in nonpolar fluids, however, will be smaller than those in
strong polar fluids, Although the significance of this dipole-charge interaction in macroscopic
fluids is not clear, the interaction may lead to ‘‘clustering’’ effects because the neutral
molecules would tend to cluster around the charged particle. If such effects occur to any
appreciable extent, they could influence fluid properties (such as viscosity), and fluid
behavior (velocity profiles, etc.). The various force relationships in the neutral-charged
particle interactions are complex; further information is provided in References 18 and 24.
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CHARGED

PARTICLE

0

T

DIPOLE ACTION AND INDUCED FORCE BY NONUNIFORM
FIELD WITH CENTER OF FIELD POSITIVE

\

UNCHARGED PARTICLE
CHARGED
PARTICLE

DIPOLE ACTION AND INDUCED FORCE BY NONUNIFORM
FIELD WITH CENTER OF FIELD NEGATIVE

F UNCHARGED PARTICLE

Figure 8. Force on a dipole
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The nature of dielectric influences thus tends to be somewhat more complex than the
more simple drift effects of the charged particle movion. These influences are of primary
importance in the study of fluids, however, because we can create body forces through
dielectric action within a fluid that does not contain ions.

PHORESIS

Phoresis is derived from the Greek word meaning motion. As applied to problems in
physical chemistry, it relates to the drifting or motion of particles in an electric field.
Several phoretic effects have been shown to take place. lon motion during electrolysis is
not generally included in phoretic effects; these effects usually pertain only to particles
that are larger than atoms or molecules. These particles may include colloids, bubbles,
powders, suspensions, droplets, and similar submacroscopic particles, In most cases,
the phoresis effects concern motion of particles in liquids, usually nonconducting liquids.
These effects are identified as follows:

1. Cataphoresis

2. [Electrophoresis

3. Electro-endosmosis
4, Streaming potential
5. Dorn effect

6. Dielectrophoresis

Each one of these phenomena will be explained. Before doing so, however, we will
review the concept of the Helmholtz double layer as discussed in the work of Klinkenberg
and van de Minne (Ref. 12) and Loeb (Ref. 7).

At the interface between two phases (liquid and solid or bubble and liquid, for example)
the charge is generally unevenly distributed. Atanelectrode, ions of one sign may go into
solution, or ions from the liquid may be adsorbed at the surface of the electrode. In
either case, a charge is built up on the surface. Assume, for illustration, that the
electrode surface becomes charged positively, as shown in Figure 9 . Then an
accumulation of negatively charged ions builds up adjacent to the surface. These
negative ions are strongly attracted by the positive suirface through Coulomb attraction
and form a layer of “‘bound’’ or “‘fixed’’ charge. Further into the fluid, a positively
charged diffuse layer has been induced by the ‘‘bound’’ negative layer. The net charge
of this diffuse layer diminishes until it reaches a neutral state. The combined ‘‘bound’’
layer and diffuse layer constitute the electrical double layer, or Helmholtz double layer.

Various experiments have shown that the diffuse layer can be moved with a mass
motion of the surrounding fluid. The fluid then acquires the net charge that existed within
the diffuse layer. The ‘‘bound’’ charge remains on the surface so that the charge is
opposite to that of the moving fluid. If the fluid is a very good conductor (i.e., aqueous
solutions), then the net charge difference is quickly dissipated and little potential
difference is generated. If the fluid has very low conductivity, however, the charges do
not neutralize readily and a large charge separation can result. High voltages can thus
be generated.
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FLUID

ELECTRICALLY NEUTRAL ZONE

DIFFUSE LAYER OF PREDOMINANTLY POSITIVE SIGN i

- ELECTRICALLY “"BOUND" NEGATIVE IONS

— POSITIVE SURFACE (I E ,DUE TO ADSORPTION, ETC }

Figurc 9, Helmholtz double layer

The charge per unit area, o, of the fixed and mobile layer is given by:

o= e Yd (27)

and & is given by:

Ve ASus 28
5 = 2nZ e? i)

where:
o = charge per unit area,
V4 = potential difference across double layer,
8 = thickness of the double layer,
n = number of dissociated molecules per unit volume,
7 = valency of ions, and
e = unit charge.
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Usually, the potential difference, Vd' is given as the electrokinetic potential, {, or the

Zeta potential, It is similar to V , but is described as:

d
C ] :‘ . 4 71;80‘ ' (29)
ard

Electrophoretic mobility, analogous to ion mobility in a gas, is given by:

e
e (30)

where:
p = viscosity.

With the concept of the Helmoholtz double layer in mind, we can now describe the various
types of phoretic motion.

Cataphoresie

In cataphoresis, many small solid particles suspended in a liquid are involved. At the
surface of each particle, an associated double layer will exist. Under the action of an
imposed electric field, the outer portion (mobile laver) of the double layer will move
toward one electrode and the solid part.cle with the bound layer will move in the other
direction. Cataphoresis occurs with ubbles as well as solid particles. The forces
involved are small and the effect: .1 the large particles will be small.

Electrophoresis

Electrophoresis is essentially the same phenomenon as cataphoresis. It, however, can
oe construed to mean all effects of electric fields on phoresis phenomena (Ref. 25),

Electro-endosmosis

If a potential difference is deliberately set up along the axis of a narrow tube or across
a plug, the liquid is pumped through the tube. If the container is a closed volume, a
pressure is built up to a value sufficient to prevent further flow. The pressure generated
is the electro-osmotic pressure. The action in this case is due to motion of the charged
layers of the Helmholtz double layer.

Streaming Potential

Streaming potential or flow electrification is a very common phenomenon that occurs
whenever a fluid flows through a tube. The fluid must have low conductivity to demonstrate
the effect. As the fluid traverses the pipe, the mobile layers from the surfaces of the
entrained particles are carried downstream, resulting in a large charge separation.
Extremely large potential differences may result. Streaming potential effects have
caused many disasterous petroleum-product fires,

Dorn Effect

The Dorn Effect is also known as the settling potential, When a large quantity of
suspended particles settles in a nonconducting fluid, a very large potential difference
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can be set up between the top and bottom of the container, The potential is caused by the
shearing of the double layers as the particles with their layers drift slowly down through
the fluid. A charge separation occurs, and because of the low conductivity of the fluid, a
high potential difference is established. In time, of course, rhe charges drift and
neutralize each other, but the rate of neutralization depends on the conductivity of the
fluid. Very large potential differences have been observed in experiments conducted by

the petroleum industry.

Dielectrophoresis

The dielectrophoresis phenomenon is not due to the shearing action on the Helmholtz
double laysr but, rather, to the action of a nonuniform field on a fluid dielectric or
particles in a fluid (Refs, 13 and 26). The body force applied to the diclectric by the
nonuniform field has been covered in the section on dielectric effects. Dielectrophoresis
results from the motion of the dielectric fluid from the action of the field. In addition,
the field can cause an induced charge distribution on any particles suspended in the
fluid. This induced charge distribution results in a body force on the macroscopic
particles such as was experienced by molecules, Polarization may also result from a
field-induced displacement of the double layer, and thus provide a strong induced dipole.
Dielectrophoresis motions tend to be relatively complex and any observations or conclusions
concerning particle action must be approached with considerable caution. For example,
the same field that causes a dielectrophoretic drift can also shear the double layer so
that the two influences become intermixed. Dielectrophoresis can move materials in
relation to each other if there is a difference in their dipole moments, either induced or
natural, Action can be expected between the phases of a given fluid because the dipole
moment (per unit volume) changes considerably between the liquid and vapor phases, for

example,

In summary, phoresis effects generally occur from the shearing action on electrical
double layers, which results in a charge separation. This charge separation can either
generate a potential difference or cause the particles to drift under the influence of an
external field. Dielectrophoresis results from the application of nonuniform ficlds and
may occur without double-layer action,

ELECTROFLUID INTERACTIONS

We have reviewed the action of electric fields, dielectric action, and phoretic cffects.
[t is now possible to go into further detail in the discussion of the more important inter-

actions,

ELECTRIC WIND AND [ON DRIFT

Electric wind is manifested by the flow of air from a highly charged needle point. The
electric pinwheel utilizes the wind generated from two charged points at the ends of a
pivoted arm to rotate the arm. In the vicinity of the points, a very intense electric field
exists. In such a field, the surrounding gas is ionized to a high degree due primarily, to
the collisions of ions and electrons with the neutral molecules. Stray 1ons or electrons
within the gas (due to natural cosmic ray ionization, for example) may gain enough
velocity between collisions to jonize the neutral molecules. The new ions are likewise

-accelerated by the field and tend to move away from the intense field, to a point where
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the field strength is lower. Here, elastic collisions occur with neutral molecules, which
leads to a drifting motion of both the ions and the neutral melecules, On a macroscopic
scale, this drifting is a local mass motion or wind.
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